؊/؊ mice are significantly more resistant to LPS challenge than wild-type littermates, and this was correlated with increased numbers of apoptotic Kupffer cells. To assess the generality of this observation, and to understand the role of IRF-2 in apoptosis, responses of peritoneal macrophages from IRF-2 ؉/؉ and IRF-2 ؊/؊ mice to apoptotic stimuli, including the fungal metabolite, gliotoxin, were compared. IRF-2 ؊/؊ macrophages exhibited a consistently higher incidence of apoptosis that failed to correlate with caspase-3/7 activity. Using microarray gene expression profiling of liver RNA samples derived from IRF-2 ؉/؉ and IRF-2 ؊/؊ mice treated with saline or LPS, we identified >40 genes that were significantly down-regulated in IRF-2 ؊/؊ mice, including Stat3, which has been reported to regulate apoptosis. Compared with IRF-2 ؉/؉ macrophages, STAT3␣ mRNA was up-regulated constitutively or after gliotoxin treatment of IRF-2 ؊/؊ macrophages, whereas STAT3␤ mRNA was down-regulated. Phospho-Y705-STAT3, phospho-S727-STAT1, and phospho-p38 protein levels were also significantly higher in IRF-2 ؊/؊ than control macrophages. Activation of the STAT signaling pathway has been shown to elicit expression of CASP1 and apoptosis. IRF-2 ؊/؊ macrophages exhibited increased basal and gliotoxin-induced caspase-1 mRNA expression and enhanced caspase-1 activity. Pharmacologic inhibition of STAT3 and caspase-1 abolished gliotoxin-induced apoptosis in IRF-2 ؊/؊ macrophages. A novel IFN-stimulated response element, identified within the murine promoter of Casp1, was determined to be functional by EMSA and supershift analysis. Collectively, these data support the hypothesis that IRF-2 acts as a transcriptional repressor of Casp1, and that the absence of IRF-2 renders macrophages more sensitive to apoptotic stimuli in a caspase-1-dependent process.
I
nnate immune responses are kept in check by specialized counterregulatory mechanisms. One mechanism involves apoptosis, which is induced in macrophages by bacterial toxins such as LPS (1) (2) (3) . Apoptosis has been suggested as a mechanism for limiting the t 1/2 of activated macrophages and restricting the expression of their inflammatory products at the site of tissue invasion (4 -6) . Two families of transcription factors contribute significantly to the regulation of host defense-related apoptosis, as follows: STATs and IFN regulatory factors (IRFs) 3 (7) (8) (9) (10) . STATs are a family of latent cytoplasmic proteins that are involved in transmitting extracellular signals to the nucleus. Among the STATs, STAT3 has been shown to be involved in apoptosis (11) (12) (13) (14) (15) . Three distinct isoforms of STAT3 have been identified, as follows: STAT3␣ (p92), the full-length isoform expressed in most cells; STAT3␤ (p83), an alternatively spliced RNA form of STAT3␣ (16) ; and STAT3␥ (p72), a C-terminal truncated form of STAT3␣ derived posttranslationally through limited proteolysis (17) . The ratio of the STAT3 isoforms appears to be related to the stage of cellular differentiation. STAT3␣ is more prevalent during early stages of granulocytic differentiation, whereas STAT3␤ is present later during maturation (17, 18) . Little is known about the function of STAT3␥. STAT3 is activated through phosphorylation of Y705, leading to dimerization and nuclear translocation (19) . STAT3 is often constitutively activated in cancers, where it functions as a critical mediator of oncogenic signaling through transcriptional activation of genes that encode inhibitors of apoptosis (e.g., Bcl-x L and survivin), cell cycle regulators (e.g., cyclin D1 and c-Myc), and inducers of angiogenesis (20, 21) .
Another member of this family, STAT1, has also been implicated in modulating pro-and antiapoptotic genes (22) . Kim and Lee (23) demonstrated that activation of STAT1 through serine phosphorylation by p38 MAPK modulates cell death in macrophages. Townsend et al. (24) linked STAT1-induced inhibition of cell growth and apoptosis to its ability to interact with p53.
The IRFs are also a large family of transcription factors that modulate the cellular response to IFNs and viral infection and have also been shown to modulate cell growth and apoptosis (25) . IRF-1 and IRF-2 were first identified as activator and repressor, respectively, of the transcription of type I IFNs (26) . Both IRF-1 and IRF-2 mRNAs are expressed at low constitutive levels in the cell, but the IRF-2 protein is more stable and accumulates in the nucleus and, thus, represses a number of promoters that are under the control of other IRF family members (27) . When cells are stimulated by virus, IRF-1 is up-regulated and can compete with IRF-2 and stimulate transcription of many IFN-inducible genes (28) . IRF-1 regulates DNA damage-induced cell cycle arrest (29, 30) and is involved in the regulation of apoptosis in several cell types (31) (32) (33) . We suggested a role for IRF-2 in apoptosis after detecting greater numbers of apoptotic Kupffer cells in the livers of IRF-2 Ϫ/Ϫ mice when compared with wild-type littermates (34) . Recently, the absence of IRF-2 has been shown to cause premature apoptosis of NK cells (35) ; however, the mechanism(s) by which IRF-2 regulates apoptosis is unknown.
One of the apoptosis pathways triggered by activation of STATs and IRFs is caspase-1-dependent apoptosis (13, 30) . Caspase-1 is the best-characterized inflammatory caspase, which is activated within an adapter complex termed the inflammasome (36, 37) . Activated macrophages use caspase-1 (also known as IL-1-converting enzyme) to cleave pro-IL-1 and pro-IL-18 to their mature forms, although the role of caspase-1 in the induction of apoptosis seems to be independent of IL-1 or IL-18 secretion (38, 39) . At least one binding site for IRFs (IFN-stimulated response element (ISRE)) has been identified in the 5Ј flanking region of CASP1 (40) , and it has been proposed that Casp1 is regulated transcriptionally by upregulation of IRF-1 and down-regulation of IRF-2 (32, 41 ). Another mechanism that has been reported to cause expression of caspase-1 and apoptosis depends on the activation of STAT1 (13) .
In this study, we sought to dissect the molecular mechanisms that regulate the augmented response of macrophages derived from IRF-2 Ϫ/Ϫ mice to apoptotic stimuli. We found that the lack of IRF-2 accelerates and enhances macrophage apoptosis in a caspase-1-dependent manner. The constitutive activation of STAT3 that is observed in IRF-2 Ϫ/Ϫ cells appears to contribute to this process. Up-regulation of caspase-1 expression in the absence of IRF-2 suggests the role of IRF-2 as a transcriptional repressor. In support of this, we identified a novel ISRE in the Casp1 promoter by EMSA and supershift studies, and found it to bind strongly to IRF-2. Collectively, our data support a model in which IRF-2 Ϫ/Ϫ macrophages are more sensitive to apoptotic stimuli due to an up-regulation of CASP1.
Materials and Methods

Mice
IRF-2
Ϫ/Ϫ mice were originally obtained from T. Mak (Amgen Institute, Toronto, Canada) (42) and backcrossed to C57BL/6J for 5-7 generations. A second IRF-2 Ϫ/Ϫ colony of mice, backcrossed to C57BL/6J for Ͼ20 generations, was used as well. The breeding pairs for this colony were a gift from G. Splitter (University of Wisconsin, Madison, WI). Mice were bred, as described previously (34) , and each animal was genotyped by PCR. Six-to 8-wk-old mice were used in all experiments. All experiments were conducted with institutional approval.
Cells and reagents
Peritoneal exudate macrophages were collected 4 days after i.p. injection of 3% thioglycolate, and cultured in RPMI 1640 supplemented with 2% FBS, 100 U/ml penicillin, 100 g/ml streptomycin, and 2 mM glutamine.
Gliotoxin from Gliocladium fimbriatum was purchased from SigmaAldrich. Escherichia coli K235 LPS was prepared using the method of McIntire et al. (43) . Murine rIFN-␥ was provided by Genentech. Annexin V FITC was purchased from BD Biosciences. All phospho-specific Abs, anti-pY705 STAT3, anti-pS727 STAT3, anti-pY701 STAT1, anti-pS727 STAT1, anti-pT180/Y182-p38 MAPK, anti-pT202/Y204 ERK1/2, antipT183/Y185 JNK, as well as anti-Bcl-x L Abs were from Cell Signaling Technology. Anti-␤-actin, anti-total STAT3, anti-IRF-1, and anti-IRF-2 Abs were from Santa Cruz Biotechnology.
Caspase-3/7 activities were measured using a caspase assay kit (ApoOne Caspase-3/7 assay) from Promega. Activation of caspase-1 was measured using a colorimetric caspase-1 assay (R&D Systems). Results are expressed as fold increase in caspase activity of stimulated vs nonstimulated cells.
STAT3 inhibitor peptide was purchased from Calbiochem. The p38 inhibitor, SB203580, was obtained from Sigma-Aldrich. The caspase-1 inhibitor, Z-WEHD-FMK, was from R&D Systems. Each inhibitor was tested to insure its functionality, as follows: inhibition of caspase-1 activity was proven by means of the caspase-1 activation colorimetric assay; inhibition of p38 was proven by the decrease in STAT1 phosphorylation on S727 after exposure to the inhibitor; inhibition of STAT3 was proven by the decrease in mRNA gene expression of STAT3-regulated genes.
Mouse high-density oligonucleotide microarrays
Total RNA was isolated from liver samples, and 20 g of RNA was converted to cDNA with StrataScript reverse transcriptase (FairPlay Microarray Labeling Kit; Stratagene), using oligo(dT) [12] [13] [14] [15] [16] [17] [18] as a primer. cDNA was purified and labeled with Cy3 and Cy5 (Amersham Biosciences). The mixture of labeled cDNA probes was hybridized to a mouse oligonucleotide array on a glass slide (National Cancer Institute). Each slide contained 8272 murine genes and unnamed expressed sequence tags. Following hybridization, slides were air dried and scanned using a Genepix laser scanner (Molecular Devices). The images acquired were analyzed using GenePix Pro 3.0 software. The absolute feature (microarray spot) and background intensity of Cy3 and Cy5 for each feature on the array were obtained. The fluorescence intensity of each spot was calculated using the histogram quantitation method. After scanning, image acquisition, and normalization, genes that showed Ͼ3-fold (test/control) change were selected for further analyses. Genes were filtered to exclude those that were undetected on all arrays.
Real-time PCR
The relative expression of mRNA for each gene was determined by realtime PCR to confirm results of the microarray data. Total RNA was isolated from peritoneal macrophages using RNA STAT60 (Tel-Test). A total of 1 g of RNA was used for oligo(dT)-primed cDNA synthesis (Promega reverse transcription system A3500). Real-time PCR was performed on an ABI Prism 7900HT Sequence Detection System (Applied Biosystems) using SYBR Green master mix (Applied Biosystems) and different sets of primers at a final concentration of 0.3 M. mRNA gene expression profiles of the genes studied were normalized according to the hypoxanthine-guanine phosphoribosyltransferase (HPRT) concentration of each sample, and the fold increase was calculated using the 2 Ϫ⌬⌬Ct method (44). The following primer sequences were designed based on the Primer Express Software (Applied Biosystems): total STAT3 sense (5Ј-CCGTCT GGAAAACTGGATAACTTC-3Ј); total STAT3 antisense (5Ј-CCTTGTA GGACACTTTCTGCTGC-3Ј); STAT3␣ sense (5Ј-CAGGTAGTGCTGCC CCGTA-3Ј); STAT3␣ antisense (5Ј-CAGGTCAATGGTATTGCTGCA-3Ј); STAT3␤ sense (5Ј-CGAAGCCGACCCAGGTAGT-3Ј); STAT3␤ antisense (5Ј-AACTGCATCAATGAATGGTGTCA-3Ј); caspase-1 sense (5Ј-ATCTGTATTCACGCCCTGTTGG-3Ј); caspase-1 antisense (5Ј-CCC TCAGGATCTTGTCAGCC-3Ј); HPRT sense (5Ј-GCTGACCTGCTGGA TTACATTAA-3Ј); HPRT antisense (5Ј-TGATCATTACAGTAGCTCT TCAGTCTGA-3Ј).
Identification of candidate regulatory elements
Previous reports have suggested that specific transcriptional networks may be identifiable based on coordinate changes in gene expression (45) . To identify potential cis elements of genes with similar patterns of expression after saline or LPS challenge of IRF-2 Ϫ/Ϫ mice, we used the new version of the TraFac database, which can be found at http://trafac.cchmc.org/trafac/index.jsp.
Immunocytochemistry
Peritoneal macrophages were fixed in 10% buffered formalin (SigmaAldrich) for 10 min and permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate. Endogenous peroxidase was blocked with 3% H 2 O 2 . Cells were exposed to 5% normal goat serum for 30 min and incubated overnight at 4°C with anti-pY705-STAT3 at a 1/100 dilution. Avidin-biotin histochemical staining was used for detection of primary Ab (46) . Developing was performed using 0.5 mg/ml 3-3Јdiaminobenzidine tetrachloride (Vector Laboratories) and hydrogen peroxide as a substrate.
Western analysis
Macrophages were lysed in lysis buffer (100 mM Tris-HCl (pH 8.0), 50 mM NaF, 100 mM NaCl, 2 mM EDTA, 1% Triton X-100, 1 mM Na 3 VO 4 , 2 mM PMSF, and protease inhibitor mixture from Roche) for 10 min on ice. Twenty-five to 50 g of protein was separated by 10% SDS-PAGE. Gels were transferred to a polyvinylidene difluoride membrane and placed in 5% nonfat milk in TBST for 1 h. Blots were incubated overnight with the primary Ab at 4°C and washed extensively with TBST. Following HRP-conjugated secondary Ab incubation, bound IgG was visualized using an ECL detection system (Amersham Biosciences). Gel bands were quantified using densitometry and image analysis (ImageJ 1.37 software, National Institutes of Health, which can be found at http://rsb.info.nih.gov/ij/) and normalized according to the ␤-actin bands corresponding to each lane.
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Apoptosis assay
For quantitative determination of apoptosis, flow cytometric DNA analysis was used (47) . This method quantifies the percentage of apoptotic cells whose DNA content is lower than that of diploid cells. Cells were harvested by gentle scraping with a rubber policeman and then centrifuged at 1900 rpm for 10 min. The pellet was resuspended in 1 ml of hypotonic fluorochrome solution (50 g/ml propidium iodide, 0.1% sodium citrate, 0.1% Triton-X-100). The red fluorescence (620 nm) of individual nuclei was measured by using a FACSort flow cytometer equipped with CellQuest acquisition software (BD Biosciences). All measurements were done under the same instrument settings, and at least 10 4 cells were measured in every sample. We previously showed that this method is directly comparable to results obtained by DNA fragmentation and annexin V labeling in murine macrophages (48) . For annexin V FITC/propidium iodide staining, cells were washed twice in cold PBS and resuspended in binding buffer, according to manufacturer's instructions. Annexin V FITC and propidium iodide were added to the solution at a final concentration of 1:20 and 5 g/ml, respectively. Cells were incubated for 15 min at room temperature and analyzed by flow cytometry.
EMSA
Nuclear extracts from peritoneal macrophages were obtained using a nuclear extract kit from Active Motif. Oligonucleotides for Casp1 ISRE I (5Ј-ATGCTTTCAGTTTCAGTAGCTC-3Ј and complementary strand), Casp1 ISRE II (5Ј-TTAACTTTCTATTTTTTTAATT-3Ј and complementary strand), and negative control ISRE III (5Ј-CAGCTCTTTCTT TCTTGATGAC-3Ј and complementary strand) were annealed and 32 P-end labeled with T4 polynucleotide kinase (Invitrogen Life Technologies). The negative control consisted of a sequence similar to the ISRE core (GAAANNGAA), but with mismatched bases (GAAAGAAAGAA). A total of 4 g of nuclear extracts was incubated with the indicated DNA probe and 2 g of poly(dI-dC) (Sigma-Aldrich) in a binding buffer containing 20 mM HEPES (pH 7.9), 4 mM MgCl 2 , 0.5 mM DTT, 0.1 mM EDTA, and 10% glycerol at room temperature for 10 min. DNA-protein complexes were resolved by electrophoresis in a 4% polyacrylamide gel. For supershift assays, 1 g of anti-IRF-1 or anti-IRF-2 was also included in the reaction.
Results
IRF-2 Ϫ/Ϫ macrophages exhibit increased apoptosis in response to several apoptotic stimuli
We have shown previously that IRF-2 Ϫ/Ϫ Kupffer cells exhibit an aberrantly high apoptotic response both basally and after LPS or TNF-␣ challenge in vivo (34) . Thus, we hypothesized that this dysregulation in apoptosis might be a general feature for macrophages deficient in the transcription factor IRF-2. IRF-2 Ϫ/Ϫ vs IRF-2 ϩ/ϩ macrophage cultures were exposed to two different apoptosis inducers, as follows: purified gliotoxin from G. fimbriatum or a combination of E. coli LPS plus rIFN-␥, which we demonstrated previously to synergize to induce macrophage apoptosis (48) . We tested the effect of LPS alone as an inducer of apoptosis as well, but the effect was less obvious than when present concurrently with IFN-␥. The percentage of subdiploid nuclei, characteristic of apoptotic cell populations, was measured by flow cytometry after staining with propidium iodide, as described by Nicoletti et al. (47) (Fig. 1A) . Under basal conditions, IRF-2 Ϫ/Ϫ macrophages displayed consistently higher levels of apoptosis (4.9 vs 2.0% in wild-type cells; p Ͻ 0.05). Treatment of cells with both apoptosis inducers led to more robust and accelerated apoptosis in IRF-2 Ϫ/Ϫ macrophages. Fig. 1 confirms that gliotoxin (5 g/ml) is a very potent inducer of apoptosis in both wild-type and IRF-2 Ϫ/Ϫ macrophages (48) . Macrophages from wild-type IRF-2 ϩ/ϩ mice, however, were significantly less sensitive to gliotoxin-induced apoptotic cell death than IRF-2 Ϫ/Ϫ macrophages, as evidenced by a significantly greater number of diploid cells and a marked reduction of cells in the subdiploid fraction at both time points examined (ϳ5 and ϳ51% apoptotic cells at 8 and 16 h, respectively, after gliotoxin exposure of wild-type macrophages vs ϳ25 and ϳ75% apoptosis in macrophages from IRF-2 Ϫ/Ϫ mice at these same two time points). LPS plus IFN-␥ treatment of macrophages in vitro was also shown previously to induce macrophage apoptosis, but requires a longer time period than gliotoxin to elicit maximum apoptosis (48) . Nonetheless, a similar trend was observed when macrophages were treated with 1 g/ml LPS plus 50 U/ml rIFN-␥ for 48 h (24.7% apoptotic cells in IRF-2 Ϫ/Ϫ macrophages vs 12% in wild-type cells; p Ͻ 0.005). The externalization of phosphatidylserine in the plasma membrane was also analyzed as a second approach to detect early events in apoptotic injury. Binding of annexin V to macrophages, concurrent with propidium iodide staining, confirmed the pattern of apoptosis that was observed with the method described by Nicoletti et al. (47) (Fig. 1B) . Thus, compared with wild-type macrophages, IRF-2 Ϫ/Ϫ macrophages exhibit increased basal and inducible apoptosis both in vivo (34) and in vitro. 
Increased apoptosis in IRF-2 Ϫ/Ϫ macrophages is caspase-3/7 independent
Because caspases fulfill critical roles in apoptosis in mammalian cells, we next tested the activity of two effector caspases, 3 and 7, in macrophages from IRF-2 ϩ/ϩ and IRF-2 Ϫ/Ϫ mice in response to either gliotoxin ( Fig. 2A) or LPS plus rIFN-␥ (Fig. 2B) . A fluorometric assay was used to detect the cleavage and removal of a profluorescent DEVD peptide that is a specific substrate for caspase-3/7 activity (see Materials and Methods). Surprisingly, activation of these two effector caspases was significantly lower in macrophages from IRF-2 Ϫ/Ϫ mice than in wild-type macrophages, suggesting that apoptosis in IRF-2 Ϫ/Ϫ macrophages is unlikely to be attributable to an increase in caspase-3/7 activities.
Identification of genes in livers from IRF-2
ϩ/ϩ and IRF-2
mice that are differentially expressed and regulate apoptosis
The data presented to date indicate that the lack of IRF-2 has a profound impact on macrophage apoptosis both in vivo (34) and in vitro. To identify potential IRF-2 target genes, we used hybridization DNA microarrays to assess changes in RNA expression in IRF-2 ϩ/ϩ vs IRF-2 Ϫ/Ϫ mice basally and after LPS treatment. Groups of three wild-type or IRF-2 Ϫ/Ϫ mice at each of two time points, 3 or 6 h, were injected i.p. with saline or LPS (35 mg/kg; ϳ90% lethal dose in C57BL/6 mice). RNA was harvested from livers at 3 or 6 h after treatment. These time points were selected based on our previous observation that the number of apoptotic Kupffer cells was significantly higher in IRF-2 Ϫ/Ϫ mice 6 h after LPS challenge (34) . Two-color comparative hybridization experiments were used wherein wild-type and IRF-2 Ϫ/Ϫ targets were cohybridized to oligonucleotide microarrays. Of the ϳ8000 known genes and expressed sequence tags monitored, 73 genes were down-regulated in IRF-2 Ϫ/Ϫ mice that received saline (Supplemental 4 Table Ia; GEO Series ID: GSE5907) . Surprisingly, the lack of IRF-2 does not seem to have a large effect on the induction of the genes monitored, because no genes were identified as significantly up-regulated in IRF-2 Ϫ/Ϫ mice. LPS administration significantly altered the pattern of gene expression in the liver, which was different in IRF-2 Ϫ/Ϫ vs wild-type mice, as follows: 49 genes were down-regulated Ն3-fold in IRF-2 Ϫ/Ϫ samples, and again, no genes were identified as up-regulated (Supplemental Table Ib ; GEO Series ID: GSE5907).
Shared regulatory elements in genes whose expression is affected by LPS treatment in IRF-
Using the TraFac database (http://trafac.cchmc.org/trafac/index. jsp), we identified consensus shared transcription factor binding sites within our list of genes (45) . When comparing the genes that were down-regulated in IRF-2 Ϫ/Ϫ mice basally or after LPS treatment, with respect to IRF-2 ϩ/ϩ mice, we identified several gene clusters that shared four to five cis elements, including ETS, STAT, and NKXH transcription factor binding sites. Interestingly, these regulatory elements are involved in the differentiation, maturation, and maintenance of the immune system (49 -51) . Most of these differentially expressed genes were found by TraFac to contain putative STAT binding sites, and therefore, could theoretically be affected by fluctuations in STAT protein levels as a result of IRF-2 deficiency. Among the genes identified as being down-regulated in the absence of IRF-2, we selected Stat3 to examine for its potential role in IRF-2-dependent apoptosis, given its already wellcharacterized role in apoptosis regulation (15, 52, 53) .
Analysis of mRNA expression levels by quantitative real-time PCR revealed that total STAT3 mRNA expression profiles were significantly lower in IRF-2 Ϫ/Ϫ macrophages than in wild-type cells both basally and in response to gliotoxin at all time points examined (Fig. 3A) . These findings confirm the results observed in the microarray analysis after LPS challenge in vivo. However, when analyzing mRNA levels of the two splice variants of STAT3, we observed differential mRNA expression of STAT3␣ and STAT3␤ in IRF-2 ϩ/ϩ and IRF-2 Ϫ/Ϫ macrophages. STAT3␣ mRNA abundance in IRF-2 Ϫ/Ϫ macrophages started out lower than the basal levels found in IRF-2 ϩ/ϩ macrophages; however, upon stimulation with gliotoxin, STAT3␣ was up-regulated in IRF-2 Ϫ/Ϫ macrophages to approximately the same level induced by gliotoxin in wild-type macrophages (Fig. 3B) . In contrast, STAT3␤ mRNA remained down-regulated in macrophages from 4 The online version of this article contains supplemental material. 
IRF-2
Ϫ/Ϫ mice, both basally and after exposure to gliotoxin (Fig.  3C) . Consistent with this observation, STAT3␣ and STAT3␤ protein levels showed the same pattern when analyzed by Western analysis (Fig. 3D) , with STAT3␣ protein levels being higher and STAT3␤ protein levels being lower in IRF-2 Ϫ/Ϫ macrophages, when compared with wild-type cells (densitometric analysis of blots revealed a 2-fold increase in STAT3␣ protein levels at 1 and 3 h after gliotoxin treatment in IRF-2 Ϫ/Ϫ macrophages, and a 6-fold decrease in STAT3␤ protein levels in basal conditions, plus a 1.5-fold decrease at 1 and 3 h after exposure to gliotoxin).
STAT3 is constitutively activated in IRF-2
Ϫ/Ϫ macrophages STAT3 activation is dependent upon phosphorylation of Y705, followed by homodimerization and nuclear translocation (19) . An Ab specific for the tyrosine-phosphorylated form of STAT3 was used to investigate whether STAT3 was activated in peritoneal macrophages derived from IRF-2 Ϫ/Ϫ mice. Wild-type macrophages showed no staining with anti-pY705-STAT3 (Fig. 4A) . In contrast, despite the finding that total STAT3 mRNA was lower in IRF-2 Ϫ/Ϫ macrophages, tyrosine-phosphorylated STAT3 was found in the nuclei of untreated IRF-2 Ϫ/Ϫ macrophages (Fig. 4B ), indicating that STAT3 is constitutively activated in IRF-2 Ϫ/Ϫ macrophages that lack IRF-2. This was confirmed by Western analysis of whole cell lysates from peritoneal macrophages. Higher levels of pY705-STAT3 could be detected in IRF-2 Ϫ/Ϫ macrophages under basal conditions (ϳ4-fold increase in IRF-2 Ϫ/Ϫ macrophages, according to densitometric analysis; Fig. 5, A and B) , and the level of tyrosine phosphorylation decreased within 1 h after gliotoxin treatment, disappearing by 3 h (Fig. 5B) . In contrast, wild-type macrophages showed fainter bands for activated STAT3 at all time points examined (Fig. 5, A and B) .
Real-time PCR analysis of mRNA expression levels of STAT3-regulated genes (e.g., Bcl-x L , c-myc, and survivin) revealed that all of these genes were up-regulated in response to gliotoxin in IRF-2 Ϫ/Ϫ vs IRF-2 ϩ/ϩ macrophages, further confirming the higher level of activated STAT3 in the IRF-2 Ϫ/Ϫ macrophages (Fig. 5C ). Activation of the MAPK, ERK-1/2, was also more rapid in IRF-2 Ϫ/Ϫ macrophages than in wild-type cells ( Fig. 5B ; especially compare 1-h time points, in which there is a difference of Ͼ5-fold in p-ERK protein levels, according to densitometric analysis), but no significant differences were found for JNK activation. There is a close relationship between STAT3 and STAT1 in the regulation of apoptosis (54) . STAT1 has been implicated in modulating expression of pro-and antiapoptotic genes following stress-induced responses (22) . These effects are dependent on STAT1 phosphorylation at S727 by p38 MAPK (55), which is required for maximal transcriptional activity of STAT1 (56) . Thus, we next sought to investigate the possible involvement of STAT1 in gliotoxin-induced apoptosis in IRF-2 Ϫ/Ϫ macrophages. We examined the protein level of pY701-and pS727-STAT1 in IRF-2 Ϫ/Ϫ macrophages and found that pS727-STAT1 levels were constitutively higher than in wild-type macrophages and significantly increased as early as 5 min after gliotoxin treatment of IRF-2 Ϫ/Ϫ macrophages (densitometric analysis revealed a 2-fold increase in basal conditions, and a 5-fold increase in p-STAT1 levels at 5 min after gliotoxin treatment; Fig. 5A ), and activation of STAT1 was sustained even after 7 h in IRF-2 Ϫ/Ϫ macrophages (Fig. 5B) . Wildtype cells responded to gliotoxin by activating STAT1 much more slowly (Fig. 5A ) and failed to reach the activation levels detected in IRF-2 Ϫ/Ϫ macrophages (Fig. 5, A and B) . Concurrently, p38 MAPK activation was also higher in cells lacking IRF-2, as follows: significantly stronger bands were detected for phosphorylated p38 MAPK in IRF-2 Ϫ/Ϫ macrophages at 5 min after exposure to gliotoxin (ϳ10-fold increase over the p-p38 protein levels found in IRF-2 ϩ/ϩ macrophages; Fig. 5A ). This stronger activation persisted until at least 7 h (Fig. 5B) . Activation of phospho-p38 MAPK in wild-type macrophages only reached levels comparable to those seen in IRF-2 Ϫ/Ϫ macrophages 3 h after gliotoxin treatment (Fig. 5B ).
Casp1 gene expression is up-regulated, and caspase-1 activity is enhanced in IRF-2 Ϫ/Ϫ macrophages
A key apoptosis-related gene that is regulated by STAT proteins is CASP1 (13) . This gene has also been shown to be regulated transcriptionally by another member of the IRF family, IRF-1 (40) . Because IRF-2 was originally demonstrated to counteract the activating effects of IRF-1 (26), we hypothesized that in the absence of IRF-2, IRF-1 might be responsible for heightened mRNA expression of Casp1. Real-time PCR analysis of macrophage RNA from IRF-2 ϩ/ϩ and IRF-2 Ϫ/Ϫ mice showed significant up-regulation of Casp1 mRNA in IRF-2 Ϫ/Ϫ macrophages, both basally and after gliotoxin treatment at all time points in IRF-2 Ϫ/Ϫ macrophages (Fig. 6A) . This finding was further confirmed by the finding that caspase-1 activity was significantly increased in IRF-2 Ϫ/Ϫ macrophages 5 h after gliotoxin exposure, after which it dropped to baseline (Fig. 6B) .
One way that caspase-1 contributes to apoptosis is by cleaving Bcl-x L , which converts it from a protective, antiapoptotic protein to a lethal protein (38) . Western analysis of lysates from IRF-2 ϩ/ϩ and IRF-2 Ϫ/Ϫ macrophages showed significant degradation of Bcl-x L in cells from IRF-2 Ϫ/Ϫ mice 5 h after gliotoxin exposure (2-fold decrease in Bcl-x L protein levels in IRF-2 Ϫ/Ϫ macrophages when compared with IRF-2 ϩ/ϩ cells; Fig.  6C ), supporting our hypothesis that a higher level of caspase-1 activation in IRF-2 Ϫ/Ϫ cells underlies their augmented levels of apoptosis. Ϫ/Ϫ macrophages vs background-matched controls. Cells were treated with 5 g/ml gliotoxin for 1-7 h before RNA isolation. B, Caspase-1 activity in response to gliotoxin. Cells were treated with 5 g/ml gliotoxin for 1-16 h and lysed, and cell lysates were tested for protease activity by the addition of a caspase-1-specific peptide, which is conjugated to a color reporter. Results are expressed as fold increase above the activity of IRF-2 Ϫ/Ϫ macrophages. ‫,ء‬ p Ͻ 0.05. C, Western analysis of Bcl-x L protein expression in control and IRF-2-deficient macrophages after stimulation with gliotoxin. ␤-actin was used as a loading control. Results presented are representative of two independent experiments. 
Inhibition of caspase-1, STAT1, and STAT3 abolishes gliotoxin-induced apoptosis in IRF-2 Ϫ/Ϫ macrophages
To inhibit STAT3 in macrophages, we pretreated macrophages with a cell-permeable dimerization-disrupting phosphopeptide that acts as a highly selective and potent blocker of STAT3 activation (57) before gliotoxin treatment of IRF-2 ϩ/ϩ and IRF-2 Ϫ/Ϫ macrophages. To inhibit caspase-1 activity, we used a fluoromethyl ketone peptide that contains the amino acid sequence WEHD and binds preferentially to caspase-1. Fig. 7 shows that gliotoxin-induced apoptosis in IRF-2 Ϫ/Ϫ macrophages was significantly decreased by pretreating cells with either the STAT3 inhibitory peptide or the caspase-1 inhibitor. It is interesting to note that whereas gliotoxin induced significant apoptosis in wild-type macrophages (as shown in Figs. 1 and 7) , neither the caspase-1 inhibitor nor the STAT3 inhibitory peptide resulted in a significant decrease in the percentage of apoptotic cells in wild-type cells. Similarly, inhibition of p38 MAPK by pretreatment with SB203580 did not prevent gliotoxin-induced apoptosis in IRF-2 ϩ/ϩ macrophages, whereas it decreased the percentage of apoptotic cells in IRF-2 Ϫ/Ϫ macrophages. Treatment of macrophages with the inhibitors alone did not alter the percentage of viable cells after 32 h in either cell population (data not shown).
A new ISRE site found in the Casp1 promoter
A computer search for potential ISREs in the murine Casp1 promoter region using Transplorer 1.4 (www.biobase.de) resulted in the identification of two nucleotide sequences that partially matched canonical ISREs (referred to as ISRE I for the more downstream site and ISRE II for the upstream site; Fig. 8A ). These two sequences were also highly conserved in the human CASP1 promoter, especially in those nucleotides that define the putative ISREs. ISRE I was previously reported to bind IRFs (41), but the presence and functionality of ISRE II have not been described to date. EMSA was used to analyze the capacity of nuclear proteins derived from IRF-2 ϩ/ϩ and IRF-2 Ϫ/Ϫ macrophages treated with medium only or with gliotoxin to bind to oligonucleotides that correspond to the sequences of ISRE I and ISRE II (Fig. 8B) . Minimal binding was detected when ISRE I and the negative control oligonucleotide ISRE III were incubated with the nuclear extracts. In contrast, ISRE II formed complexes with nuclear proteins derived from murine macrophages, both constitutively and upon induction by gliotoxin. In addition, the absence of IRF-2 favors the formation of the nuclear complexes with ISRE II, because these bands are greatly enhanced in IRF-2 Ϫ/Ϫ cells, without or with stimulation (Fig. 8B) . Preincubation of the EMSA reactions for ISRE II with anti-IRF-1 Ab diminished the intensity of the bands in both IRF-2 ϩ/ϩ and IRF-2 Ϫ/Ϫ macrophages, indicating the presence of IRF-1 in this complex (Fig. 8C) . Abs against IRF-2 also produced a band with less intensity in IRF-2 ϩ/ϩ macrophages, making it almost disappear in medium-treated samples. This clear diminution of the basal band in IRF-2 ϩ/ϩ cells indicates that IRF-2 is a main component of this complex with ISRE II in basal conditions and forms part of the complex after gliotoxin treatment, in combination with other transcription factors, such as IRF-1. It also indicates that in the absence of IRF-2, binding of other transcription factors to ISRE II is enhanced, pointing to a possible role of IRF-2 as a transcriptional repressor of the CASP1 gene.
Discussion
Although IRF-2 has previously been related to apoptosis regulation (34, 35, 58) , the mechanism still remains unclear. In this study, we show that the lack of IRF-2 renders macrophages significantly more sensitive to apoptotic stimuli, supporting our previous observations that Kupffer cells from IRF-2 Ϫ/Ϫ mice are more sensitive to apoptosis basally and after LPS (34) . Supporting the antiapoptotic function of IRF-2 presented in this work, Taki et al. (35) recently reported that bone marrow-derived NK cells from IRF-2 Ϫ/Ϫ mice proliferated almost normally, but underwent accelerated apoptosis.
An important observation in our study is that the ratio of the STAT3␣ and STAT3␤ isoforms is different in macrophages that lack IRF-2 compared with wild-type cells. Results from real-time PCR and Western analysis demonstrate a prevalence of STAT3␣ over the STAT3␤ isoform in IRF-2 Ϫ/Ϫ macrophages, both basally and in response to apoptotic stimuli. These findings suggest that IRF-2 participates in the generation of alternative splice variants of STAT3. In this regard, it has been reported that some transcriptional activators affect alternative splicing (59), although there are very few examples in the literature. However, total STAT3 mRNA expression profiles were significantly lower in IRF-2 Ϫ/Ϫ macrophages than in wild-type cells both basally and in response to gliotoxin (Fig. 3A) . It has been reported that more forms of alternative splicing might exist for STAT3 (60) , which might explain the significantly lower levels of total STAT3 mRNA in the absence of IRF-2.
Although STAT3␤ was originally considered to be a negative regulator of transcription (16) , it was later shown that the STAT3 isoforms ␣ and ␤ have unique and specific functions (18) . Both seem to be necessary for the correct balance of immune responses, because the specific ablation of STAT3␤ impairs recovery from endotoxin shock and affects STAT3-dependent gene expression (61, 62) . The STAT3␤ isoform lacks the trans-activating domain and has been shown to inhibit apoptosis induced by ligation of MHC-I in Jurkat T cells (15) . Therefore, the relative absence of STAT3␤ in IRF-2 Ϫ/Ϫ macrophages could possibly underlie the observed higher incidence of apoptosis.
STAT3 was found to be constitutively activated in IRF-2 Ϫ/Ϫ macrophages. The relationship between STAT3 activation and apoptosis has been explored previously (53, (63) (64) (65) (66) . For example, STAT3 has been shown to repress apoptosis by inhibiting caspase-3 and up-regulating Bcl-x L (14) . Our results support and extend these findings: IRF-2 Ϫ/Ϫ macrophages exhibit inhibition of caspase-3 activity and up-regulation of Bcl-x L mRNA in response to gliotoxin or LPS plus IFN-␥. Our results further confirmed enhanced activation of STAT3 in IRF-2 Ϫ/Ϫ macrophages as shown both by immunohistochemistry and by Western analysis and prompted us to investigate other caspase pathways that might be responsible for the higher incidence of cell death in these cells. Because blocking STAT3 activity protected IRF-2 Ϫ/Ϫ macrophages from undergoing increased apoptosis after gliotoxin treatment, we conclude that STAT3 acts as a proapoptotic factor in the absence of IRF-2. Although STAT3 activation has been associated with proliferation, antiapoptosis, and cellular transformation (11) (12) (13) 15) , there are a number of examples in which activated STAT3 appears to play a role in differentiation and promoting apoptosis (11, (67) (68) (69) . Thus, STAT3 must work in concert with additional signaling pathways that dictate whether STAT3 will act as a proor antiapoptotic factor. This is consistent with our observation that the STAT3 inhibitory peptide did not significantly reduce gliotoxin-induced apoptosis in wild-type macrophages in contrast to IRF-2 Ϫ/Ϫ cells. One of the mechanisms by which STAT3 may contribute to apoptosis is through the transcriptional regulation of CASP1. No STAT binding sites have been reported in the CASP1 promoter to date, but several studies point to their existence (13, 55, 70, 71) .
The activation of STAT1 has been correlated with increased apoptosis in many cell types (22, 23, 72) , and we report in this work that STAT1 activation on S727 was also augmented in IRF-2 Ϫ/Ϫ macrophages in response to gliotoxin. STAT1 phosphorylation on S727 is mediated by p38 MAPK (73) . In agreement with this result, significantly enhanced activation of p38 MAPK was detected in macrophages from IRF-2 Ϫ/Ϫ mice in response to gliotoxin. Pretreatment of cells with a specific inhibitor of p38 MAPK did not have any effect on gliotoxin-induced cell death in wild-type cells, but it diminished the percentage of apoptotic cells in gliotoxin-treated IRF-2 Ϫ/Ϫ macrophages, showing that the hyperactivation of p38 MAPK contributes to increased apoptosis detected in the absence of IRF-2. In vitro studies on the mechanisms by which STAT1 activation may trigger apoptosis have linked STAT1 to the induction of caspase-1 and Fas-Fas ligand (13, 55, 70, 71) , but the precise mechanisms involved remain obscure.
Although up-regulation of caspase-1 in IRF-2 Ϫ/Ϫ macrophages was demonstrated in our study by real-time PCR and a caspase-1 activation assay, the most compelling piece of evidence supporting the activation of caspase-1 is the observation that Bcl-x L is cleaved 5 h after gliotoxin treatment. Bcl-x L is a substrate for caspase-1, and its cleavage during the execution phase of cell death converts it into a potent prodeath molecule (38) . Consistent with this model, pretreatment of macrophages with a specific caspase-1 inhibitor prevented the high incidence of gliotoxin-mediated apoptosis in macrophages that lack IRF-2, restoring them to untreated levels. Model of Casp1 transcriptional regulation, mediated by STAT and IRF members. STAT3 is activated by phosphorylation at Y705, and STAT1 by phosphorylation at Y701. This phosphorylation induces dimerization, nuclear translocation, and DNA binding. The ERK family of MAPKs phosphorylates STAT3 at S727. STAT1 is further phosphorylated through a p38 MAPK-dependent pathway at the same position. This second phosphorylation modulates transcriptional activation of STAT family members. In macrophages lacking IRF-2, STAT3 is constitutively activated and, therefore, may drive transcription of apoptosis-related genes, such as CASP1. At the same time, enhanced activation of p38 MAPK in IRF-2 Ϫ/Ϫ macrophages in response to gliotoxin maintains higher levels of serine-phosphorylated STAT1, which may be responsible, in part, for the higher induction of caspase-1 expression. In contrast, binding of IRF-1 to ISRE II will be favored in the absence of the negative regulator IRF-2, thereby increasing caspase-1 expression and inducing apoptosis.
Collectively, these data suggest that activation of caspase-1 is the main event that triggers the apoptosis response in these cells.
The studies reported in this work suggest that STAT and IRF transcription factors contribute to the transcriptional regulation of Casp1. Although the role of IRFs in the regulation of Casp1 gene expression has been explored previously (32, 41) , this work sheds new light on the role of IRF-2 in the transcriptional regulation of this gene. Tamura et al. (30) first reported that CASP1 gene expression is up-regulated transcriptionally by IRF-1 in T lymphocytes. Horiuchi et al. (32) later demonstrated that the up-regulation of IRF-1 in vascular smooth muscle cells after serum deprivation induced an increase in caspase-1 mRNA, and they also observed that down-regulation of IRF-2 contributed to Casp1 expression and apoptosis. Iwase et al. (41) also published results suggesting that IRF-1 was able to activate the human CASP1 promoter through binding to an ISRE located in the initiator element of the gene, which we have designated ISRE I. By computer-assisted promoter analysis of the murine Casp1 and human CASP1 promoters, we identified another potential IRF binding site, designated ISRE II. EMSAs showed enhanced complex formation between ISRE II and nuclear proteins from IRF-2 Ϫ/Ϫ macrophages, despite the fact that ISRE I was originally described as functionally relevant (41) . These results could be interpreted as a higher binding of IRF-1 to the promoter sequence as would be expected in the absence of IRF-2. IRF-1 and IRF-2 have been shown to act as a transcriptional activator and repressor, respectively, of many genes (26, 28) . The absence of IRF-2 would theoretically allow IRF-1 to bind to ISRE II and promote the transcription of CASP1, thus providing an explanation for the up-regulation of caspase-1 mRNA in IRF-2 Ϫ/Ϫ macrophages. Therefore, we propose a model for the role of IRF-2 in apoptosis through inhibition of Casp1 transcriptional regulation (Fig. 9) .
